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Genome sequencing broadens the range of
contributing variants with clinical implications in
schizophrenia
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Daniele Merico®®, Christian R. Marshall’, Anne S. Bassett@™® and Ryan K. C. Yuen®'?

Abstract

The range of genetic variation with potential clinical implications in schizophrenia, beyond rare copy number variants
(CNVs), remains uncertain. We therefore analyzed genome sequencing data for 259 unrelated adults with
schizophrenia from a well-characterized community-based cohort previously examined with chromosomal microarray
for CNVs (none with 22g11.2 deletions). We analyzed these genomes for rare high-impact variants considered causal
for neurodevelopmental disorders, including single-nucleotide variants (SNVs) and small insertions/deletions (indels),
for potential clinical relevance based on findings for neurodevelopmental disorders. Also, we investigated a novel
variant type, tandem repeat expansions (TREs), in 45 loci known to be associated with monogenic neurological
diseases. We found several of these variants in this schizophrenia population suggesting that these variants have a
wider clinical spectrum than previously thought. In addition to known pathogenic CNVs, we identified 11 (4.3%)
individuals with clinically relevant SNVs/indels in genes converging on schizophrenia-relevant pathways. Clinical yield
was significantly enriched in females and in those with broadly defined learning/intellectual disabilities. Genome
analyses also identified variants with potential clinical implications, including TREs (one in DMPK; two in ATXN8OS) and
ultra-rare loss-of-function SNVs in ZMYM?2 (a novel candidate gene for schizophrenia). Of the 233 individuals with no
pathogenic CNVs, we identified rare high-impact variants (i.e., clinically relevant or with potential clinical implications)
for 14 individuals (6.0%); some had multiple rare high-impact variants. Mean schizophrenia polygenic risk score was
similar between individuals with and without clinically relevant rare genetic variation; common variants were not
sufficient for clinical application. These findings broaden the individual and global picture of clinically relevant genetic
risk in schizophrenia, and suggest the potential translational value of genome sequencing as a single genetic
technology for schizophrenia.

Introduction predisposition, and statistical modelling has consistently

Schizophrenia is a serious and disabling neuropsychia-
tric disorder that affects about 1% of the general popu-
lation. Despite inherent heterogeneity, a century of
research has provided strong evidence of genetic
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indicated high heritability">. However, discerning specific
genetic risk factors for individuals with schizophrenia
awaited technological advances in molecular genetics.
Studies using first genome-wide chromosomal microarray
(CMA) and then whole-exome sequencing (WES) have
provided initial clues to the underlying genetic archi-
tecture of schizophrenia. These include contributions of
rare (population frequency <0.1%) copy number variants
(CNVs), other rare damaging and deleterious variants,
common (population frequency >1%) single-nucleotide
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polymorphisms (SNPs), and evidence for long-suspected
polygenicity>®. Although the rare high-impact variants
identified are often shared with other neurodevelop-
mental disorders (NDDs)”®, in contrast to autism spec-
trum disorder (ASD), intellectual disability (ID) and
epilepsy, relatively few genetic findings for schizophrenia
have reached the clinic"*'.

Whole-genome sequencing (WGS) captures most forms
of genetic variation across the genome in a single assay,
surpassing the capabilities of CMA and WES combined'”.
Furthermore, recent technical advances in WGS techni-
ques and analyses allow for the genotyping of more
complex genetic variation, such as tandem repetitive DNA
elements, throughout the genome, not readily detectable
using other sequencing techniques'®. The pathogenicity
of large expansions of tandem DNA (in particular trinu-
cleotide) repeats, has been extensively studied in over 40
genetic disorders, most of which are neurological but
sometimes include psychosis'®. Clinical observations of
increased severity and/or younger age at the onset across
successive generations historically suggested anticipation
in schizophrenia, supporting the possible involvement of
repeat expansions'*'®>. However, the technologies and
methodologies available to detect such repetitive DNA
elements before now were limited.

In the current study, we applied WGS to a well-
characterized community-based cohort of unrelated
adults with schizophrenia. Our aim was, for the first time
using a clinical lens and WGS data, to simultaneously
detect multiple classes of genome-wide rare, high-impact
genetic variants (including CNVs, single-nucleotide var-
iants (SNVs), small insertions and deletions (indels),
structural variants (SVs), and tandem repeat expansions
(TREs), and assess for schizophrenia-related polygenic
risk, while investigating possible phenotype correlations.
Here, we defined high-impact variants as those with
clinical relevance to schizophrenia or with potential
clinical implications. Using this approach, we underscore
the importance of thorough genome analyses in the
identification of variants with potential clinical implica-
tions in individuals with schizophrenia, with or without
molecular findings from routine CMA. This study thus
expands on previous WGS studies of schizophrenia
(Supplementary Table S1) to serve as an initial step in
demonstrating the potential value of WGS as a single
clinically relevant genetic technology for schizophrenia.

Methods
Study design

The 259 participants comprise a subset of a larger well-
characterized cohort of unrelated adults who: (i) met
standard diagnostic (DSM-5) criteria for schizophrenia or
schizoaffective disorder, (ii) were of European descent,
and (iii) were previously examined for the presence of rare
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CNVs (210 kb in size) using CMA'®'”, Participants were
ascertained from Canadian community mental health
clinics and included individuals with schizophrenia across
the IQ spectrum; details of the ascertainment strategy are
described elsewhere!®'”. A priori, individuals with
22q11.2 microdeletions were excluded, as this established
genetic subtype of schizophrenia is studied with WGS
through a separate research initiative'®, Also by design'?,
136 (52.5%) of the individuals included in this study had
broadly defined schizophrenia-relevant rare CNVs'’
(Supplementary Tables S2, S3), 26 (10%) of whom had 28
CNVs previously classified as clinically relevant (patho-
genic/likely pathogenic, Supplementary Table $2)'®'". By
including individuals with rare CNVs (10% with patho-
genic CNVs), we undertook a conservative approach,
interrogating for other potentially clinically relevant var-
iants beyond well-studied CNVs.

Ethics statement

This study was approved by the Research Ethics Board
at the Centre for Addiction and Mental Health (CAMH)
(151/2002-02) and other local REBs'®'”. Written
informed consent was obtained for all participants'®'”,

Assessment of the pathogenicity of rare variants (SNVs,
indels, SVs, CNVs)

All rare (defined as population-based maximum allele
frequency <0.01) exonic and exonic-splicing SNVs and
indels, SVs, and CNVs were analyzed for their potential
pathogenicity. Population allele frequency of each variant
was derived from genomes included in ExAC, 1000 Gen-
omes Project, gnomAD and gnomAD SV databases®® %,
Probability of loss-of-function (LoF) intolerance was
measured by the upper bound of a Poisson-derived con-
fidence interval around the ratio of the observed/expected
number of LoF variants in every gene, derived from gno-
mAD (v2.1.1) and represented by LoF observed/expected
upper bound fraction (LOEUF) score®’. LoF variants were
defined as stop-gains, frameshift indels, and splice-site
variants. Rare nonsynonymous variants with high pre-
dicted scores in 5 of 8 commonly used in silico algorithms
[CADD (=215), SIFT (<0.05), PolyPhen2 HVAR (>0.90),
Provean (<-2.5), ma (>21.90) and mt (=0.5) scores, Phy-
loPMam (>2.30) and PhyloPVert (>4.0)] were considered
as deleterious and were further assessed for pathogeni-
city*®. Given the evidence for genetic overlap between
schizophrenia and other major NDDs, we conservatively
considered only loci and genes as potentially associated
with schizophrenia if they had been implicated in any
NDD (e.g., ID or ASD), and their implicated pathways
(Supplementary information)”*?>~%, Pathogenicity of rare
SVs was assessed using their predicted damaging or
deleterious effects on genes implicated in NDDs. In this
study, for CNVs, SNVs and indels, we considered only
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pathogenic and likely pathogenic variants as potentially
clinically relevant®* and contributing to the expression of
schizophrenia, as adjudicated for NDDs.

Detection and independent confirmation of disease-
associated tandem repeats using genome sequence data

To assess the presence of high-impact TREs in the
genomes of our schizophrenia cohort, we collected data
for 45 tandem repeat loci with known clinical associa-
tions, predominantly with neurological disorders (Sup-
plementary Table S4). We used ExpansionHunter v3.0.2
to genotype these genomic repeat loci®’, and selected
TREs larger than the described pathogenicity threshold
for each locus for further characterization (Supple-
mentary information). (https://github.com/Illumina/
ExpansionHunter)*, Rare TREs were classified as var-
iants with a high-impact if the predicted size for the
larger allele in each individual exceeded the disease-
causing threshold for their loci®?.

Clinical/demographic variables

We considered the following clinical/demographic
variables for analyses: sex, presence or absence of family
history of schizophrenia/psychotic illness, ID (broadly
defined as borderline to moderate ID and non-verbal
learning disability)'®, syndromic features, and age at onset
of schizophrenia (categorized as <18 years (“early”) or 218
years); details in Supplementary information, Supple-
mentary Table S5, and as previously described'®'”. To
assess these variables with respect to clinically relevant
rare variant burden, we used a stringent definition,
including only pathogenic CNVs and SNVs/indels,
defined as above, but not TREs, following well-established
guidelines*.

Additional exploratory analyses

In addition to the primary focus on clinically relevant
rare variants, we explored the possible role in our cohort
of research-based genetic findings for schizophrenia, e.g.,
from exome sequencing and SNP-based studies.

Assessment of variants in putative schizophrenia-risk
genes

To assess research-based SNV findings, we examined
our cohort for all types of rare SNVs in ten genes reported
to meet genome-wide significance for schizophrenia from
recent meta-analysis results of exome sequencing data
from the Schizophrenia Exome Sequencing Meta-analysis
(SCHEMA) consortium (https://schema.broadinstitute.
org/)*.

Schizophrenia polygenic risk quantification
To assess the role of aggregate common variant back-
ground (polygenic risk score, PRS) for schizophrenia, we
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used the training dataset provided by the 2014 PGC
schizophrenia meta-analysis (Schizophrenia Working
Group of the Psychiatric Genomics Consortium) to gen-
erate individual risk profile scores for our cohort®. There
was no overlap of individuals in the training dataset with
our schizophrenia cohort (Supplementary Fig. S1).

Non-psychiatric controls

We used comparable WGS data available from a pre-
viously published study of tetralogy of Fallot (TOF) and
related congenital cardiac disease'® as a non-psychiatric
control group to evaluate individual gene rare SNV
findings and PRS results. After excluding seven genomes
from individuals with TOF and a history of major neu-
ropsychiatric conditions (e.g., ASD, psychotic mood dis-
order), data were available from 225 of the 232 individuals
in this TOF cohort'® (Supplementary information).

Results

Demographic and clinical features of the community-
based cohort of 259 unrelated individuals with schizo-
phrenia studied with genome sequencing are presented in
Supplementary Table S5. The genomes sequenced had an
average of 98.1% of bases covered by at least >1x, and an
average mean depth of coverage of 38.42x (Supplemen-
tary Tables S6, S7). Restricting to exonic rare (allele fre-
quency <1%) variants, we detected on average 271.7
SNVs, 20.1 indels, 2.89 SVs, and 3.33 CNVs (>10Kb) per
genome, consistent with expectations from previous WGS
analyses of other samples™’.

WGS enables simultaneous identification of multiple rare
exonic variants of potential clinical relevance to
schizophrenia

WGS identified several types of rare exonic variants of
potential clinical relevance in this schizophrenia cohort.
Importantly, the WGS pipeline identified 100% of the 28
rare CNVs in 26 individuals that were previously reported
as clinically relevant (pathogenic/likely pathogenic)'®'”
(Fig. 1, Supplementary Tables S2, S3). No rare SVs<10Kb
met criteria as pathogenic/likely pathogenic.

In eleven individuals (4.3%), WGS also identified clini-
cally relevant SNVs and indels with predicted deleterious
effects on loss-of-function (LoF)-intolerant genes pre-
viously associated with schizophrenia-related NDDs
(Methods and Table 1). There were five frameshift indels,
three nonsense (stopgain), and three deleterious missense
variants identified in ten genes: eight autosomal and two
X-chromosome (both in females) (Table 1). Notably, two
of the 11 individuals, both with missense variants, also
had a clinically relevant 16p11.2 microduplication asso-
ciated with increased schizophrenia risk (Table 1, Sup-
plementary Tables S2 and S3)'”. We thus propose
clinically relevant SNVs/indels for nine (3.9%) of 233
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Tandem repeat expansions (n=3)

LoF variants in ZMYM2 (n=2)
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Fig. 1 Schematic representation of the identified contributions of rare high-impact variants with potential clinical implications to
schizophrenia. The overall “doughnut” graph indicates the study design that included 26 individuals (Supplementary Table S2) with pathogenic/
likely pathogenic rare copy number variants (CNVs; blue sections, including five with other reported genetic risk factors indicated by blue checkered
overlay). Red sections indicate the total 17 individuals identified to have other types of rare high-impact variants proposed to have potential clinical
relevance for schizophrenia; 14 of these, representing 6% of individuals without pathogenic CNVs, are also shown with detailed breakdown of variant
types in a bar graph on the right. This shows nine individuals with rare SNVs/indels, and three with CTG tandem repeat expansions (TREs), deemed to
have potential clinical implications; also shown are two individuals with ultra-rare LoF variants in ZMYM2, proposed here as a putative schizophrenia-
candidate gene. One other individual with an ultra-rare LoF variant in ZMYM2, and two individuals with clinically relevant rare SNVs/indels (Tables 1,
3), also had a pathogenic CNV (blue checkered overlay on red section of doughnut graph). Also shown (yellow sections) are 16 individuals belonging
to the top twentieth percentile of schizophrenia-PRS (Supplementary Fig. S7); note that schizophrenia-PRS has not yet reached proposed clinical

relevance.

individuals with no previously identified pathogenic
CNVs (Fig. 1).

Rare disease-associated tandem repeat loci are expanded in
schizophrenia

In three individuals, we identified and validated CTG
TREs involving two of the 45 disease-associated tandem
DNA repeats assessed. Two individuals had potentially
damaging TREs in ATXN8OS and one had a potentially
pathogenic TRE in DMPK (Table 2, Supplementary Fig.
S2). The expanded CTG repeat (>200 repeats) at the 3’
untranslated region (UTR) of DMPK was paternally
inherited, with evidence of typical variable expression of
the associated condition, myotonic dystrophy type 1
(DM1)*? (Table 2). Both expanded (>200 repeats) CTG
repeats at the 3 UTR of ATXN8OS were found to be
maternally inherited/derived (Table 2); there was no
clinical or family history of typical neuromuscular features
of the associated spinocerebellar ataxia type 8 (SCAS)
disorder™”.

Therefore, of the 233 individuals with no pathogenic
CNVs, we propose 14 individuals (6%) with rare high-
impact variants (i.e., clinically relevant SNVs/indels, or
TREs with clinical implications) (Fig. 1).

Females and individuals with learning/intellectual disabilities
may have enhanced clinical yield from genome sequencing
in schizophrenia

Individuals with learning and intellectual disabilities, as
expected from previous studies of this cohort and other
studies'®'”**, were significantly enriched for rare clini-
cally relevant CNV and/or SNV/indel variants (p=
9.63x10"°, Fig. 2). Results for clinically relevant variants
were also significant for individuals with syndromic fea-
tures (p = 5.04x10"°), and female sex (p = 0.021), but not
for family history or age at onset (Fig. 2). Notably how-
ever, six (3.8%) of 158 individuals with no learning or
intellectual disabilities (Supplementary Table S5) had a
clinically relevant SNV/indel or disease-associated CTG
TRE.

Additional findings relevant to the broader genetic
architecture of schizophrenia
Rare clinically relevant SNVs/indels disrupt genes associated
with neurodevelopmental pathways

The SNVs and indels identified to be of potential clin-
ical relevance involve 10 genes associated with synaptic
transmission (# =7) or chromatin remodelling and tran-
scription regulation (n=3) (Table 1), consistent with
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Fig. 2 Genetic risk for schizophrenia and clinical/demographic variables. This figure shows results for analyses of five clinical variables/features
(family history of schizophrenia/psychosis, ID, early age at onset, mild syndromic features, and biological sex) with respect to rare clinically relevant
variant burden, defined as the number of CNVs and/or SNVs/indels per individual. Orange and blue coloured boxes, and vertical bars representing
95% confidence intervals, indicate respectively results for individuals with and without each of the five variables; numbers for each subgroup are
indicated in brackets under variable labels (Supplemental Table S5), and p-values for analyses are provided above graphed results. Clinically relevant
rare variant burden was significantly greater for females, individuals with broadly defined ID, or with mild syndromic features.

p=504x10*

p=0.021

Group
With
- without

(65 vs 190) (81vs 178)

pathways previously implicated in NDDs, including schi-
zophrenia (Methods). Of the seven synaptic transmission
genes, four harboured variants in genes encoding com-
ponents of voltage-gated ion channels: KCNQ5 p.(Q662*),
CACNAIA p.(Q681Rfs*100), SNCSA p.(G647Vfs*18), and
SCNIB p.(C121W), involving 1.5% (n=4) of the 259
individuals studied (Table 1). Of the genes involved in the
regulation of gene expression, in two unrelated indivi-
duals, both with borderline ID and mild syndromic fea-
tures®!, we identified distinct ultra-rare (i.e., not seen in
the general population) LoF variants affecting exons 13
and 7 of BRPFI, respectively a nonsense p.(R1116*) var-
iant validated by Sanger sequencing and a confirmed de
novo frameshift p.(E743fs*5) variant (Table 1, Supple-
mentary Fig. S3).

Evidence for ZMYM2 as a novel schizophrenia-candidate
gene

In addition to BRPFI, we identified three other LoF-
intolerant genes with multiple deleterious ultra-rare
SNVs/indels in the schizophrenia cohort studied, and
compared results to findings from previous studies of
schizophrenia and other disorders (Table 3). The top
candidate gene identified was ZMYM2 with three rare
LoF variants in three unrelated individuals (p=
9.51><10_6); one had a NRXNI deletion (Fig. 1, Table 3,
Supplementary Table S2). ZMYM?2 was supported by

substantial evidence from the literature**™*" including

suggestive meta-analysis results from exome studies of
schizophrenia (SCHEMA p-value = 1.79 x 10~°)*°, and no
rare LoF variants detected in our TOF-control sample
(Table 3, Supplementary Fig. S4). Supplementary Table S8
shows the LoF and rare missense variants in ZMYM?2
identified in our cohort and reported by others. Though
interesting genes with evidence of greater constraint, i.e.,
lower gnomAD LoF observed/expected upper bound
fraction (LOEUF), variant results for GPRINI and
DNAJC6 were less compelling as candidate genes of
potential clinical relevance (Table 3).

Contribution of other rare exonic variants and polygenic risk

Using our WGS data we examined the ten genes
showing genome-wide significant association with schi-
zophrenia on meta-analyses using SCHEMA exome
sequencing data®. In these ten genes we detected
between one and 12 (in SETDIA) rare missense exonic
variants, none of which were considered clinically relevant
(Supplementary Table S9).

Analyses using common variants showed that our schi-
zophrenia cohort had a significantly higher mean PRS
compared to the TOF-control group, explaining 9.5% of
the variance (Nagelkerke’s pseudo R* from logistic regres-
sion at Pr = 0.05, p =1.07x10"°) (Supplementary Fig. S5).
Mean PRS was not significantly different between those
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with and without clinically relevant rare variants (p = 0.52)
(Supplementary Fig. S6a). Sixteen (6.23%) individuals with
schizophrenia (Fig. 1), fell in the top twentieth PRS per-
centile subgroup (i.e, where the odds ratio (OR) was
greatest relative to the remainder of the sample, OR =2.92,
95% confidence interval: 1.05-8.11) (Supplementary Fig.
S7). Individuals with a positive family history of schizo-
phrenia/psychoses showed a higher mean PRS than those
without such a family history (p = 0.046); no other results
for clinical/demographic variables achieved significance
though there was a non-significant trend for higher mean
PRS in individuals with no learning and/or intellectual
disabilities (p = 0.085) (Supplementary Fig. 6b).

Per our original study design'®'’, we also compared
findings between the 136 individuals with rare CNVs,
including those of uncertain clinical significance (all
identified by the WGS pipeline; Supplementary Tables S2,
S3), to the 123 individuals with no rare CNVs. There were
no significant differences, respectively, for the 11 rare
SNVs/indels (n =5 vs n = 6, Fisher’s exact test, p = 0.76),
global burden of ultra-rare LoF variants (one-sided Wil-
coxon signed-rank test, p = 0.0975, data not shown), or
mean PRS (p =0.37) (Supplementary Fig. 6a).

Discussion

Using genome sequences from 259 unrelated
schizophrenia-affected adults, and simultaneously inter-
rogating for a range of genetic variants, we undertook a
conservative approach to explore the clinical relevance of
other types of variants to schizophrenia beyond copy
number variation. We considered only rare SNVs and
indels with a strong association with NDDs and deter-
mined that about 4% of the studied individuals had such
clinically relevant, predominantly LoF, variants. In addi-
tion, we identified trinucleotide TREs with potential
clinical implications in other individuals. The fact that 14
(5.4%) of 259 individuals with schizophrenia, including
many with no broadly defined learning disability/ID, had a
high-impact SNV/TRE not detectable by CMA, provides
an initial indication that an important minority of patients
in the community would be found to have such clinically
relevant variants using WGS. Notably, several individuals
had multiple genetic risk factors (Fig. 1, Table 1), con-
sistent with polygenicity within individuals, and reduced
penetrance, even of high-impact clinically relevant var-
iants in schizophrenia'”***°,

A novel finding was the identification of individuals
with schizophrenia and TREs associated with DM1 and
SCA8, neuromuscular disorders with highly variable
expressivity and neuropsychiatric manifestations'>*>*>, A
recent genome-wide study of >17,200 individuals identi-
fied rare CTG TREs in DMPK in individuals with ASD*,
and older studies reported high prevalence of psychotic
disorders in individuals with TREs in DMPK and juvenile
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DM1°". Older technologies had provided initial evidence
linking CTG repeats in ATXN80 and SCA8 to major
psychoses'®, and overall TRE results may be to some
extent consistent with other historical studies'***~>*,
With continuous technical improvements in genome-
wide detection of such expanded repeats and more precise
size estimations, we expect to identify other, novel
unstable TREs in individuals with schizophrenia, and
elucidate the underlying mechanisms that lead to psy-
chiatric expression.

The fact that the clinically relevant rare SNVs/indels
identified involved genes implicated in synaptic trans-
mission and transcription regulation pathways previously
associated  with  neurodevelopment and schizo-
phrenia®®?’, further illustrates the potential for WGS to
contribute to etiological understanding with convergence
on mechanisms of importance to schizophrenia patho-
genesis. In an iterative fashion, each genome can poten-
tially inform future adjudication of other clinically
relevant variants, and can be reanalyzed as further dis-
coveries are made®.

The clinical/demographic findings suggest that not only
individuals with any degree of intellectual impairment but
also female patients may disproportionately benefit from
clinical genetic testing in schizophrenia'®. The latter
finding is consistent with the possibility that there may be
in the general population a female protective mechanism
for schizophrenia analogous to that proposed in other
NDDs with male bias of expression, such as ASD*°. Stu-
dies of larger schizophrenia cohorts are needed to inves-
tigate this phenomenon.

In addition to findings of possible immediate impact to
clinical translation, the sequencing data allowed us to
examine several other pertinent aspects of genetic archi-
tecture in schizophrenia. This includes our proposal of Zinc
Finger MYM-Type Containing 2 (ZMYM?2) (OMIM:
602221) as a putative schizophrenia-risk candidate gene of
possible clinical relevance, supported by a gene-based ana-
lysis of deleterious ultra-rare variants in LoF-intolerant
genes, SCHEMA meta-analysis data®’, and LoF variants in
ZMYM?2 reported in other studies examining NDDs,
including ASD, ID and schizophrenia**~*"*”, Comparable
to other schizophrenia-associated genes, variants in
ZMYM?2 appear to manifest pleiotropic effects* "7,
ZMYM?2 encodes a zinc finger protein, which may act as a
transcription factor and thereby regulate gene expression
(Supplementary Fig. S4), a mechanism elucidated for other
clinically relevant variants (Table 1). Further studies
examining the function of the encoded protein during
neurodevelopment, and analysis of larger psychiatric
cohorts, are required to establish a robust link between LoF
variants in ZMYM?2 and schizophrenia pathogenesis.
Functional studies and further sequencing data will also be
needed for more broadly defined rare nonsynonymous
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variants, given their expected lower impact than ultra-rare
LoF variants. This would include results for genes proposed
through exome-sequencing and meta-analysis (e.g.,
SCHEMA consortium; Supplementary Table S9)40, in order
to determine their clinical relevance and contribution to
overall schizophrenia liability.

We also took advantage of WGS data to simultaneously
assess the potential contribution of common variant
burden (e.g., explaining an estimated 9.5% of the variance
using PRS data) and rare clinically relevant variants,
allowing for examination of a broader-based risk profile
for each individual, consistent with the proposed poly-
genic nature of schizophrenia. Unlike previous studies
that used imputed genotyping data to study PRS®®, here
we implemented precisely genotyped SNP data as deter-
mined by WGS (not possible using WES or CMA). We
did not identify a correlation between PRS and the burden
of rare, clinically relevant variants (Supplementary Fig.
S6a)'®. While this may in part have been affected by the
exclusion from this cohort of individuals with one of the
highest known risks for schizophrenia, 22q11.2 deletions,
there are as yet limited data on PRS in the context of other
high-impact variants associated with schizophrenia'®.
Consistent with other studies®, individuals with a family
history of schizophrenia/psychosis showed some enrich-
ment for schizophrenia PRS, (supplementary information
and Supplementary Fig. S6b), but limited availability of
parental DNA samples precluded variant segregation
analyses to confirm the transmission of SNP-based risk
alleles. Judging by the modest estimated risk conveyed by
the highest PRS (OR=292; 95% CI: 1.05-8.11), and
consistent with other reports®®, PRS is not yet sufficient to
apply clinically for individual schizophrenia risk classifi-
cation. Nevertheless, the growing numbers of individuals
with available WGS data deserve further study of the
potential clinical application of polygenic risk prediction,
and effects on this of high-impact rare variants®°°,

Our results should be interpreted in the context of a few
important limitations. First, by design, and comparable to
a companion study of TOF"?, about half of this cohort had
rare genic CNVs, as determined by previous CMA ana-
lysis'®*”. The majority of such CNVs are not clinically
pathogenic (Supplementary Tables S2, S3), nevertheless,
this may have influenced our findings, including the
clinical yield of SNVs, TREs and SVs, and results for
clinical variables. Analysis of larger cohorts of schizo-
phrenia with and without clinically relevant CNVs would
be needed to more precisely estimate their impact relative
to other high-impact variants and polygenic risk, and
relationships to clinical phenotypes'®®!. Second, due to
technical limitations and the complex nature of tandem
repeats, we could not determine the precise size of
TREs®. Size underestimation may have hindered the
detection of other tandem repeats contributing to
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schizophrenia risk in this cohort. Third, inability to
identify schizophrenia-relevant LoF SVs may have been in
part due to the limited resources currently available for
the interpretation of such variants. Efforts are underway
to construct comprehensive resources for SVs, which
together with the improvements in our understanding of
the complex etiology and genetic mechanisms of schizo-
phrenia will enhance the identification of phenotypically
relevant variants through WGS-based approaches. Fourth,
using a cohort of 225 adults with congenital cardiac dis-
ease as controls might have produced more conservative
results for our analyses than if using other control groups
without a developmental, albeit cardiac, phenotype.
However, there are few known links between genetic risk
for TOF and for schizophrenia (apart from e.g., 22q11.2
deletions, 1q21.1 duplications, and deleterious variants in
RYR2 (Supplementary information)). Fifth, our clinical
adjudication of variants could also be considered overly
conservative, relying on currently available results for
NDD, and 45 established genes for TREs. Future efforts to
refine clinical interpretation of rare variants for schizo-
phrenia will be essential.

In conclusion, our results provide important evidence of
the enhanced performance of WGS compared to CMA in
the detection of genome-wide clinically relevant variants®?,
and an initial indication of features that could help identify
individuals with schizophrenia who are most likely to
benefit from clinical genetic testing and genetic counsel-
ling'®'”. The results also reiterate the complexity and
pleiotropy of schizophrenia, and suggest the interplay of
multiple variant types, each with varied expressivity and
penetrance, in every individual. With continued improve-
ments in high-throughput sequencing technologies, WGS
will become more affordable, which together with advances
in interpretation (particularly for variants affecting non-
coding and regulatory elements) promise to make WGS an
ideal tool for routine diagnostic practice®. Global efforts
combining WGS data from various neuropsychiatric dis-
orders will shed light on the shared and disparate genetic
factors and mechanisms underlying these disorders™.
Eventually, implementation of clinical WGS will extend to
patients with schizophrenia, as for those with other NDDs,
to further guide our understanding of prognosis, medical
management, and familial recurrence risk assessment, and
as part of global efforts towards “precision medicine”.
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